We tested the hypothesis that domestic sheep (Ovis aries) in alpine meadows of central Norway negatively affect populations of field voles (Microtus agrestis) because grazing reduces cover and increases the concentration of secondary compounds in forage plants. We maintained 3 treatments for 3-4 years on 11 experimental plots. Treatments included fencing to remove sheep; fertilization to improve forage quality; and grazed, unfertilized controls. Within experimental plots we collected data on cover of vascular plants, forage quality (nitrogen, fiber, and secondary compounds), and indicators of performance for vole populations (summer density, winter activity, and body size). Sheep appeared to reduce the cover of vascular plants, but quality of 4 species of forage plants showed little response to grazing. Concentrations of nitrogen in forage increased on fertilized plots, as did the ratio of nitrogen/(fiber plus phenolic compounds). Voles occurred sporadically on the experimental plots, however, and indicators of vole performance differed little among treatments. Furthermore, the quality of preferred food (Carex bigelowii) of voles showed no clear response to fertilization, and the activity of voles on plots showed no significant correlation with quality of C. bigelowii irrespective of treatment. We concluded that removal of grazing by sheep in these meadows did not have a substantial short-term impact on forage quality or on vole populations, but longer-term studies are needed because the composition of vegetation may change slowly in response to exclusion of herbivores.
Large herbivores often influence the composition of vegetation, the abundance of smaller herbivores, and nutrient cycling in grazed systems . Changes in vegetation occur because grazing alters competitive interactions between plant species, either through selective foraging (Hulme et al. 1999; Welch 1986) or through trampling (Bullock et al. 1994; Hobbs 2006) . These changes in vegetation affect the availability of forage and cover for smaller herbivores. Grazing also can induce chemical changes in plants (Lindroth 1989) ; positive effects on forage quality include increased nutrient concentrations and decreased secondary plant compounds, and negative effects include increased concentration of defensive compounds (Bryant et al. 1992; Milchunas et al. 1995 , Phillips et al. 1999 . Finally, deposition of urine and feces by grazers changes the spatial distribution of nutrients, which can affect forage quality similar to fertilization and influence the nutrient content and level of chemical defenses in plants (Coley et al. 1985; Hobbs 2006) . Although fertilization generally increases nutrient content of plants, it can either reduce or increase the level of plant secondary compounds. For instance, although carbon-based secondary compounds generally decrease and nitrogen-based secondary compounds generally increase in response to nitrogen fertilization, results at a given site depend on prior nutrient availability and other environmental circumstances (see references in Herms and Mattson 1992) .
Intensive grazing by large herbivores, wild or domestic, often reduces the density of small mammal populations because of changes in the vegetation, particularly reduction of cover (Hayward et al. 1997; Keesing 1998 ; Rosenstock w w w . m a m m a l o g y . o r g 1996; Saetnan and Skarpe 2006; Suominen and Danell 2006) . Domestic sheep (Ovis aries), the predominant large herbivore in many grasslands of northern Europe, can have even greater effects on plant communities than other domestic grazers (Gibson and Brown 1992; Hulme et al. 1999; Rawes 1981; Stewart and Pullin 2006) . Nevertheless, studies of the impact of sheep on rodent populations in alpine meadows in southern Norway report conflicting results at different densities of sheep. High densities of sheep (80 sheep/km 2 ) appeared to reduce the growth of vole populations during the summers of 2004 (Steen et al. 2005 , but had little effect on signs of rodent activity the following summer (Austrheim et al. 2008) . Lower densities of sheep (25-30 sheep/km 2 ) appeared to facilitate rodent activity to some degree (Austrheim et al. 2007; Steen et al. 2005) .
Most reports on the impact of large herbivores attributed their effects to changes in cover or composition of the vegetation, but some studies indicated that grazing by arvicoline rodents and, by implication, ungulates could increase the concentration of proteinase inhibitors (Seldal et al. 1994 ) and phenolic compounds (Lindroth and Batzli 1986) in their forage plants. Högstedt and Seldal (1998) further suggested that such an effect of large grazers could have a negative impact on wildlife in alpine rangelands of Norway, but changes in forage quality in response to grazing by ungulates remain poorly studied in this region.
Here we report the results of an experimental study conducted to evaluate the impact of current levels of grazing by sheep in central Norway on cover, forage quality, and performance of arvicoline rodent populations. We hypothesized that sheep at these alpine sites negatively affect arvicoline rodent populations because damage to forage plants increases concentrations of secondary plant compounds or reduces cover. To test this hypothesis we prevented grazing by sheep with exclosures and maintained normal activity of sheep on unmanipulated control plots. We expected forage plants within exclosures to display decreased concentrations of secondary plant compounds and increased cover compared to plants within control plots. We expected vole populations to show at least 1 of the following indications of improved performance within exclosures: increased population density in summer, increased signs of winter activity, or increased body mass. We also fertilized some plots with N:P:K to examine the effects of fertilization on the vegetation, and we expected that increased nutrient concentrations in the vegetation would improve the performance of voles, unless these effects were superseded by the negative effects of increased foraging by sheep.
MATERIALS AND METHODS
Study area.-We used 2 study sites, Berghøgda (62840 0 N, 1187 0 E) and Båttjønnhøgda (62847 0 N, 1184 0 E), located in the alpine zone between 800-m and 1,100-m elevation, in Holtålen County, central Norway. For 1975 , annual temperature (Berkåk Meteorologisk Institutt, corrected for elevation by 0.68C/100 m) averaged 0.658C, and monthly temperatures averaged 108C for the warmest month (July) and À88C for the coldest month (January). Annual precipitation averaged 750 mm and occurred evenly throughout the year. Berghøgda generally has higher soil fertility (higher exchangeable macronutrients and total P) than Båttjønnhøgda (Rusch et al. 2009 ).
Dry lichen heath, which covers 80% of the landscape, characterizes the area. A patchwork of dwarf-shrub heath (willow and bilberry), snow beds, meadows, and bogs forms the remaining landscape (Skarpe et al. 2005) . Sheep are the only large herbivores in the area and, based on studies using global positioning system telemetry, focus their activity in patches of meadow, snow bed, and dwarf-shrub heath, which form only 20% and 10% of Berghøgda and Båttjønnhøgda, respectively (Skarpe et al. 2005) . Graminoids and forbs are concentrated in these patches, and most rodents also occur there (Skarpe et al. 2005) , we established 50 3 50-m study plots, a size that could conveniently fit into irregular habitat patches. All plots were placed in habitat preferentially grazed by sheep, scattered across the landscape, and isolated from one another. Plots were randomly assigned to 1 of 3 treatments: exclosure of sheep For the current study we selected the 11 plots (6 in Berghøgda and 5 in Båttjønnhøgda) where snow had melted by early summer (mid-June). Of these 4 were exclosed, 4 were controls, and 3 were fertilized. Fertilization was originally planned to examine its effects on the vegetation, and we opportunistically extended our study to include that treatment. Logistic considerations did not allow a fully factorial experiment that included a fertilization-plus-exclosure treatment.
At the end of the 2004 season, after treatments had been in place for 2-3 years, we systematically searched for and counted groups of fecal pellets with !10 pellets within each study plot, a commonly used technique to indicate relative habitat use by ungulates (Månsson et al. 2011; Neff 1968; Putman 1984 ). Plots were not cleared before treatments were imposed, but all plots at a given site had experienced similar grazing pressure prior to the study.
Plant sampling.
-In 2003 and 2005 we randomly selected 2 quadrats (1 3 1 m) within each treatment plot and visually estimated cover of all plant species. Our sampling was not sufficient to yield reliable estimates of cover for individual plant species, but we combined data for the quadrats on each plot to estimate the cover for different life forms: grasses, sedges, forbs, shrubs, and mosses.
We chose 4 widespread plant species to examine the impact of sheep on forage quality: Carex bigelowii (sedge), Deschampsia cespitosa (grass), Deschampsia flexuosa (grass), and Salix herbacea (dwarf shrub). Species identifications followed Lid and Lid (1998) . We used these species because sheep in Norwegian alpine meadows eat them all and because all occurred in sufficient amounts to be sampled on our treatment plots. Stomach content analyses indicated that arvicoline rodents at our study sites commonly ate C. bigelowii and D. cespitosa, indicating that these 2 species were palatable. Only C. bigelowii was taken in larger amounts than predicted by availability, however, which made it the preferred forage ). Voles ate very little D. flexuosa and S. herbacea even though the plants were common, which indicated avoidance.
We collected samples of fresh green shoots for chemical analysis from 3 control plots, 4 exclosed plots, and 3 fertilized plots during late summer of 2005, after treatments had been in place for 3 or 4 summers. All samples collected for analysis of phenolics and tannins (see below) were air-dried in the field. Plant samples for analysis of nitrogen, fiber, proteinase inhibitors, and soluble plant proteins were immediately frozen in the field using dry ice and stored at À188C until prepared for analysis. For all species, we collected a combined sample of 10-20 g fresh weight from at least 10 individual plants per species on each plot. On grazed plots we took samples from plants with scars that indicated grazing had occurred.
Chemical analyses.-Among the many possible secondary compounds, we chose to analyze total phenolics, including tannins, and proteinase inhibitors because previous studies had indicated both induction of these compounds by grazing and negative effects of these compounds on arvicoline rodents (Lindroth and Batzli 1984, 1986; Seldal et al. 1994) . Nitrogen content (positive) and fiber content (negative) are standard indicators of nutritional quality of forage (Robbins 1993) .
In preparation for analysis of total phenolics and proteinbinding phenolics (mostly tannins), samples were ground to a fine powder, extracted in 70% acetone for 10 min, and filtered through Whatman 4 (Whatman Ltd., Maidstone, England) filter paper. We repeated the extraction 3 times for all plant material. After extraction, the acetone was evaporated, the remaining extract was freeze-dried, and the extracted material was dissolved 1:2 in distilled water and stored at 48C. We determined total phenolics using the Folin-Denis method and tannins using casein precipitation with quebracho tannin as the standard (Seigler et al. 1986) .
Samples for analysis of nitrogen and acid-detergent fiber were dried at 608C for 12 h and ground to pass through a 1-mm sieve. We estimated the total nitrogen content using the Kjeldahl method (Ministry of Agriculture, Fisheries and Food 1986) and acid-detergent fiber using the method of Van Soest (1963) .
In preparation for analysis of proteinase inhibitors and soluble proteins, we hardened leaves by exposure to liquid nitrogen before grinding with a mortar and pestle. A 10-mg sample was extracted in 1 ml of extraction buffer (40 mM TrisHCl buffer, pH 8.1, with 2% weight/volume Triton-X-100). Analyses of extracts for proteinase inhibitor (PI) used a standard assay of trypsin activity (Bergmeyer and Gawehn 1974) . Quantification of soluble plant proteins (SPP) used a protein-dye-binding method (Bradford 1976 ) with bovine serum albumin (Sigma, Aldrich Co., St. Louis, Missouri) as the standard. We then calculated the ratio of PI to SPP for each sample because the effects of proteinase inhibitors vary with the amount of protein in the plant (Gallaher and Schneeman 1986) .
Rodent populations.-In early summer (June) and late summer (August) of 2003-2005 we livetrapped on all 11 treatment plots to determine the densities and body sizes of rodent populations. A single, multiple-capture Ugglan live trap (Grahnab, Gnosjö, Sweden) was set at each of 36 trap stations in a 6 3 6 grid at 7-m intervals on each plot. We baited traps with sunflower seeds and peanuts, supplied them with wool for bedding, and checked them twice daily for 5 days. Captured animals were weighed, examined for sex and reproductive condition, individually marked using numbered ear tags, and released at the point of capture. Immediately after snowmelt in 2005, we monitored the winter activity of rodents by counting signs (number of winter nests within 1 m of and number of fresh runways that crossed line transects) along 6 transects that followed trap rows on each plot. Protocols for trapping and handling rodents followed guidelines of the American Society of Mammalogists (Sikes et al. 2011) .
Data analysis.-We used 1-way analysis of variance (ANOVA) to test for overall differences in number of groups of fecal pellets deposited by sheep on plots with different treatments. For examination of differences in cover by different life forms we used 2-way repeated-measures multivariate analysis of variance (MANOVA) with year as the repeated measure and treatment and life form as fixed factors. Subsequently, we tested the effects of treatments on total vascular cover using 1-way repeated-measures ANOVA with year as the repeated measure and treatment as a fixed factor. We use arcsine transformations of proportions when necessary to approximate normal distributions.
To examine the effects of treatments on concentrations of chemicals in plants, we used the data for percent nitrogen, percent fiber, percent phenolics, percent tannins, and PI/SPP ratio to conduct a 2-way MANOVA with treatment and plant species as fixed factors. Before testing for specific effects we used Roy's largest root (RLR) to test for overall significance because it has good power and leads naturally to post hoc tests (Scheiner 2001) . We then tested for significant effects of treatment and plant species on individual chemical constituents using 2-way ANOVA. We also used 2-way ANOVA to examine the effects of plant species and treatments on ratios of nitrogen/fiber (N/F), nitrogen/phenolic (N/P), nitrogen/tannin (N/T), nitrogen/(fiber þ phenolics) (N/FP), and nitrogen/(fiber þ tannins) (N/FT) because previous work indicated that voles select forage in response to these ratios more than to individual chemical components (Marquis and Batzli 1989) . We used logtransformations of ratios before conducting ANOVAs. Finally, to see if vole populations responded to the quality of their forage on study plots irrespective of treatment, we used Spearman's rank correlation to compare the values of these ratios in preferred food (C. bigelowii) to indicators of activity on the plots.
Because of low numbers of recaptures of rodents we could not use mark-and-recapture estimates for population size, so we used the total number of different individuals captured as an indicator of rodent abundance on each plot. We combined captures on each plot across years because of erratic occurrence of rodents. Highly skewed distribution of activity among grids led us to examine treatment effects on summer abundance and winter sign (nests and runways) of rodents with KruskalWallis nonparametric tests.
To determine if activity of sheep influenced body size of rodents, we compared adult weight under different treatments. Because the body size of adult, nonreproductive females and adult males in general did not differ significantly (1-way ANOVA, F 1,44 ¼ 1.84, P ¼ 0.180), we lumped the sexes to increase sample size. To avoid difficulties with very unequal sample sizes, we also lumped data for weight across replicates and years within treatments, which eliminated replication of treatments but allowed statistical testing. We then compared treatments using a 1-way ANOVA with treatment as a fixed factor. We used SPSS 17.0 (SPSS Inc. 2008) for statistical testing. Fisher's least significant difference (LSD) was used for post hoc tests of significant differences between means.
RESULTS
Habitat use by sheep.-Habitat use by sheep responded to the treatments, as indicated by large differences in the deposition of fecal pellets (F 2,8 ¼ 14.0, P ¼ 0.002). Fertilization plots (X 6 1 SE ¼ 737 6 146 groups) had more than twice as many pellet groups as the control plots (348 6 81 groups) and almost 10 times as many pellet groups as the exclosed plots (75 6 27 groups). Comparisons of means indicated significant differences in all cases (LSD ¼ 267, P 0.046). The few pellet groups in the exclosed plots likely represented a residue from deposits made before the treatments were imposed.
Our treatments had no detectable effect on the composition of vegetation during our study (RLR ¼ 0.22, F 5,17 ¼ 0.76, P ¼ 0.593), but they appeared to reduce the total amount of cover from vascular plants (Fig. 1) . From 2003 to 2005 cover increased 8.2% on the exclosed plots but decreased 8.0% on the control plots and 11.2% on the fertilization plots, both of the latter exposed to sheep (year 3 treatment interaction, F 2,8 ¼ 5.57, P ¼ 0.056).
Forage quality.-Significant differences in plant chemistry were found across plant species ( Fig. 2 ; RLR ¼ 3.34, F 5,26 ¼ 17.4, P , 0.001). The grass D. flexuosa had the lowest concentration of nitrogen, 41% lower than C. bigelowii and 26% lower than S. herbacea ( Fig. 2A; F 3 ,28 ¼ 3.83, P ¼ 0.020); the sedge C. bigelowii had the lowest concentration of fiber, 26% lower than D. flexuosa and 34% lower than S. herbacea ( Fig. 2B; F 3 ,28 ¼ 3.43, P ¼ 0.030); S. herbacea had much higher concentrations of total phenolics ( Fig. 2C; F 3 ,28 ¼ 47.1, P , 0.001) and tannins ( Fig. 2D; F 3 ,28 ¼ 32.2, P , 0.001) than did the 3 monocots, which had levels of phenolics about 80% lower and levels of tannins 80-88% lower than S. herbacea; and, finally, the grass D. cespitosa had a much lower PI/SPP than the other 3 species ( Fig. 2E; F 3 ,28 ¼ 7.66, P , 0.001), 50-62% lower. A significant species 3 treatment interaction indicated that the pattern of chemical content among species varied with different treatments (RLR ¼ 0.65, F 6,28 ¼ 3.05, P ¼ 0.02), but no significant interactions were found when chemical components were examined separately (F 6,28 , 1.07 and P . 0.41 in all cases).
Our experimental treatments did significantly affect the concentrations of chemicals in plants (RLR ¼ 0.84, F 5,25 ¼ FIG. 1.-Mean (þ SE) percent total cover of vascular plants on plots under 3 experimental treatments (controls, exclosure of sheep, and addition of N:K:P fertilizer). Sample sizes were 4 for control and exclosed plots and 3 for fertilized plots.
4.22, P ¼ 0.006), but the only significant effect on an individual chemical was the response of nitrogen to fertilization. Nitrogen content of leaves increased across all plant species on fertilized plots compared to the other 2 treatments, 50% higher than on control plots and 40% higher than on exclosed plots ( Fig. 3A; F 2,28 ¼ 10.8, P , 0.001).
Although Marquis and Batzli (1989) only used proteinbinding phenolics (roughly equivalent to our tannins), total phenolics and tannins gave very similar results in our analyses. Because of this similarity and because we had more missing values for tannins, here we only present results for the ratios with total phenolics. The results for ratios of nitrogen to other chemicals showed patterns similar to those for nitrogen alone. The sedge C. bigelowii had a much higher mean ratio of N/F than the other 3 plant species, 53-76% higher (F 3,28 ¼ 2.53, P ¼ 0.077), which was not surprising given the high level of nitrogen and low level of fiber in C. bigelowii. The shrub S. herbacea had a much lower mean ratio of N/P than the other 3 species, 78-83% lower (F 3,25 ¼ 14.9, P , 0.001), which reflected much higher levels of phenolics in S. herbacea. Finally, the mean ratio combining fiber and phenolics (N/FP) Different letters above bars indicate significant differences (P , 0.05) between means for different species within each graph. Sample sizes were 10 for nitrogen, fiber, and PI/SPP; 8-10 for total phenolics and N/FP; and 5-10 for tannins.
FIG. 3.-Mean (þ SE)
A) percent nitrogen, B) ratio of nitrogen to fiber (N/F), C) ratio of nitrogen to total phenolics (N/P), and D) ratio of nitrogen to fiber plus phenolics (N/FP) in plants under 3 experimental treatments (controls, exclosure of sheep, and addition of N:P:K fertilizer). Different letters above bars indicate significant differences (P , 0.05) between means for different species within each graph. Sample sizes were 16 on exclosed plots and 12 on control and fertilized plots for nitrogen and N/F; and 14 on exclosed plots, 11 on control plots, and 12 on fertilized plots for N/P and N/FP. was much higher for Carex, the preferred food of voles, than for the other 3 species, 57-144% higher ( Fig. 2F; F A strong treatment effect was found for N/F. Fertilized plots had 58% and 78% higher N/F than control and exclosed plots, respectively ( Fig. 3B; F 2 ,25 ¼ 5.85, P ¼ 0.008), but the treatment effect for N/P was only marginally significant ( Fig.  3C ; F 2,25 ¼ 2.36, P ¼ 0.115). The ratio N/FP showed consistently strong effects of fertilization; N/FP was 76% and 71% higher on fertilized plots than on control and exclosed plots, respectively ( Fig. 3D ; F 2,25 ¼ 6.21, P ¼ 0.006). Although, when taken as a whole, plants had higher N/FP when fertilized, none of the trends were significant for individual species (F 2,7 , 2.84, P . 0.125 in all cases). The mean N/FP was 50% higher on fertilized plots than on control and exclosed plots for C. bigelowii, but the difference was not significant (F 2,6 ¼ 0.958, P ¼ 0.436).
Rodent populations.-Although Norwegian lemmings (Lemmus lemmus) had been common on our study sites in 2001 and were present in 2002 ), we only caught 1 species of arvicoline rodent, the field vole (Microtus agrestis), during our study. Even then, we captured no voles in 2003, and only 80 different individuals in [2004] [2005] . The distribution of voles across plots was quite erratic, and although the mean number of voles and runways appeared to be larger on fertilized plots, we found no significant effects of treatment on activity of voles (Table 1 ; H 4,4,3 ¼ 1.17, P ¼ 0.558 for captures; H 4,4,3 ¼ 0.227, P ¼ 0.893 for nests; H 4,4,3 ¼ 1.61, P ¼ 0.447 for runways). Body size also was not affected by experimental treatments (F 2,41 ¼ 0.781, P ¼ 0.464). Mean weight of adult voles averaged 37.9 6 2.7 g on control plots (n ¼ 10), 39.5 6 1.7 g on exclosed plots (n ¼ 19), and 36.3 6 1.8 g on fertilized plots (n ¼ 15).
To determine if food quality on the different experimental plots influenced the distribution of voles across the landscape, we correlated the indicators of forage quality with indicators of activity of voles across plots irrespective of treatments. The ratio N/FP provided the strongest correlations with activity of voles, and these were not very strong (r s ¼ 0.434, P ¼ 0.219 for captures; r s ¼ 0.193, P ¼ 0.584 for winter nests; and r s ¼ 0.494, P ¼ 0.163 for winter runways; n ¼ 10 in all cases).
DISCUSSION
Despite striking effects of treatments on habitat use by sheep (reduced by exclosure and increased by fertilization) and the apparent reduction of plant cover by sheep, we detected no effects of sheep on forage quality or on vole populations, results that were inconsistent with our hypothesis. Fertilization generally increases primary production (Grellmann 2002) and nitrogen content of leaves (McKendrick et al. 1980 ) of tundra plants, and repeated fertilization may reduce levels of secondary compounds (Stout et al. 1998; Strengbom et al. 2003) ; however, no such reduction was evident in our data. Fertilization did improve the overall nutritional quality of the 4 species of plants eaten by sheep, however, largely by increasing their nitrogen content, and sheep responded to fertilization with higher use of fertilized plots. The nutritional quality of the preferred forage of voles tended to increase, but not significantly, which may explain the different responses of sheep and voles to fertilization. The lack of response of voles to fertilization could also could reflect a balance between the positive effects on forage quality (increased N and N/FP) and the negative effects of increased activity by sheep. A treatment with both fencing and fertilization, which we were unable to maintain, would be required to separate the effects of fertilization and sheep.
The erratic occurrence of voles in habitat patches, particularly during summer, made detection of responses more difficult. Winter sign indicated that voles did find all the habitat patches during the course of the study (Table 1) , however, so that movement between patches should have been adequate to populate the landscape. Some factor other than nutritional quality may have kept vole populations low. Given the well-known impact of predation on arvicoline rodent populations in general (Batzli et al. 2007; Korpimäki et al. 2005; Pearson 1985 ) and the poor cover for voles in most of this landscape, predation could be such a factor.
High variability among replicates also reduced our ability to detect differences in chemical constituents, which could explain the lack of significant treatment effects, except for the effects of fertilization. The smallest significant differences we detected were 26% less nitrogen in D. flexuosa than in S. herbacea and 26% lower fiber in C. bigelowii than in D. flexuosa ( Figs. 2A and 2B ). More subtle differences in secondary compounds could have been missed. In addition, secondary compounds that we did not measure could have responded to our treatments. Preliminary feeding trials with voles found no difference in intake of grazed and ungrazed plants, however, which suggested that voles detected no important change in quality of forage (Saetnan 2008 The relatively low densities of sheep normally found at our study sites may have resulted in damage to few plants and only small effects on vole populations. Recall, however, that we established experimental plots in habitat patches favored by sheep, that we found abundant signs of use by sheep on grazed plots, that sheep did appear to reduce the cover of vascular plants, and that we selected leaves from plants on grazed plots that showed signs of grazing. After completing our field study, because of the lack of response of plants to grazing, we conducted a clipping experiment ). Eight species of forage plants found at our study sites (including the species used in this study, except for S. herbacea) showed varied responses of phenolics and proteinase inhibitors to clipping. The 2 species eaten in substantial amounts by voles showed either no response (D. cespitosa) or had reduced proteinase inhibitor and reduced PI/SPP (C. bigelowii) in response to heavy clipping (removal of 75% of shoots by a single clipping or by 5 clippings over 9 days). The original experiment that supported proteinase inhibitors as a factor affecting arvicoline rodent populations used a single removal of 50% of the shoots of the 2 sedges C. bigelowii and Eriophorum angustifolium and induced only a transient response of PI/SPP that peaked at 30 h (Seldal et al. 1994) . Maintenance of elevated levels of secondary compounds often seems to require repeated grazing (Gustafson and Ryan 1976) , although our experiments indicated varied responses of different plant species to different patterns of clipping ). Sheep did return to preferred patches at our study site throughout the summer (Skarpe et al. 2005) , but the level of grazing necessary to maintain substantially elevated levels of secondary compounds in forage plants apparently did not occur. Högstedt and Seldal (1998) suggested that densities of sheep as low as 12 sheep/km 2 could reduce densities of rodents, but we found no effects of densities of sheep of this magnitude on density or body size of field voles on control plots compared to exclosed plots (without sheep) or compared to fertilized plots where activity by sheep was doubled. Overall density of sheep was only 4-12 sheep/km 2 on our study sites, but recall that densities on control plots more likely averaged 30-50 sheep/ km 2 . Studies in British uplands showed a clear decrease in vole activity on plots newly exposed to grazing and an increase in vole populations within a year after exclusion of sheep from grazed plots, but these more-productive pastures can have 300 sheep/km 2 and recover from grazing more rapidly (Evans et al. 2006; Wheeler 2008) . The only study in Norway that has suggested a negative effect of grazing on vole populations (reduced population growth during summer) had sheep densities of 80 sheep/km 2 , much higher than at our study sites (Steen et al. 2005) .
It could be argued that our plots (2,500 m 2 ) were too small for assessing population trends. However, studies of field voles in grasslands of southern Sweden (Erlinge et al. 1990 ) and southwestern Finland (Yletyinen and Norrdahl 2008) indicated mean home-range sizes of 600-1,000 m 2 during the breeding season, much smaller than our study plots. These studies, which occurred in more-productive habitats than ours, reported about 60 voles/ha or 15 voles/2,500 m 2 , which indicated substantial overlap of home ranges. Even if voles in our lessproductive habitats tended to have larger home ranges, we should have had sufficient numbers of voles to detect substantial changes in density. Voles could move on and off our grids, which might reduce the differences between treatments by diluting the local effects of our manipulations. The relatively small size of favorable habitat patches should have reduced that effect, however, and Grellmann (2002) reported increased winter sign of arvicoline rodents on small, unfenced, fertilized plots (4 replicates of 2,500 m 2 ) in dwarfshrub heath in northern Norway in spite of very low densities during summer.
Our overall conclusion is that even if the past use of alpine ranges by domestic herbivores has led to long-term changes in vegetation, removal of current grazing by sheep from these areas seems unlikely to cause substantial short-term changes in forage plant quality or rodent populations. On the other hand, exposure of ungrazed turf to reindeer in northern Norway quickly mimicked the effects of long-term grazing on vegetation, whereas release from grazing showed little effect over 3 years (Olofsson 2006) . This suggests that the effect of grazing on alpine meadows may take much longer than 3-4 years (perhaps a decade or more) to unfold on exclosed plots. Given that alpine vegetation may be slow to respond to release from grazing, long-term monitoring of the composition of vegetation on experimental plots should continue. Detection of a substantial change in vegetation would argue for resampling of rodent populations.
